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Abstract: Production from mature oil reservoirs can be optimized by using the surfactant
flooding technique. This can be achieved by reducing oil and water interfacial tension (IFT)
and modifying wettability to hydrophilic conditions. In this study, a novel green non-ionic surfactant
(dodecanoyl-glucosamine surfactant) was synthesized and used to modify the wettability of carbonate
reservoirs to hydrophilic conditions as well as to decrease the IFT of hydrophobic oil–water systems.
The synthesized non-ionic surfactant was characterized by Fourier transform infrared spectroscopy
(FTIR) and chemical shift nuclear magnetic resonance (HNMR) analyses. Further pH, turbidity,
density, and conductivity were investigated to measure the critical micelle concentration (CMC) of
surfactant solutions. The result shows that this surfactant alters wettability from 148.93◦ to 65.54◦
and IFT from 30 to 14 dynes/cm. Core-flooding results have shown that oil recovery was increased
from 40% (by water flooding) to 59% (by surfactant flooding). In addition, it is identified that this
novel non-ionic surfactant can be used in CO2 storage applications due to its ability to alter the
hydrophobicity into hydrophilicity of the reservoir rocks.
Keywords: non-ionic surfactant; chemical enhanced oil recovery (EOR); wettability; Core-flooding;
interfacial tension
1. Introduction
The world oil reserve is declining due to the high demand for fossil fuel and the lack of exploring
giant new hydrocarbon reservoirs. So, optimizing the reserve in place can be a solution tackle this
issue [1]. According to the proven oil reserves in the world, carbonate rocks make up about 50% of
the world’s oil reserves [2]. Currently, the oil industry is more focused to increase production from
existing reservoirs by using enhanced oil recovery (EOR) methods [3,4]. EOR is commonly done after
primary recovery (natural drainage) and secondary recovery (water-flood), which only enables 1/3rd
recovery from oil reservoirs [5,6]. Hence, tertiary recovery methods, like chemical flooding, miscible
and immiscible CO2 flooding, nanoparticle applications in EOR and in-situ thermal recovery methods
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play an important role in extracting residual crude oil from existing carbonate reservoirs [3,7–11].
Among all these tertiary recovery methods, chemical EOR flooding is attracting more attention due to
its ability to reduce IFT, alter wettability to more water-wet conditions, and its low adsorption on rock
matrix [12–17].
In Chemical EOR, Surfactants have been an integral part of the oil and gas industry and it
continues to be of significance even today. Surfactants are also called surface-active agents, which are
chemical substances that are adsorbed onto surfaces or interfaces of a system when present at low
concentrations [18,19]. They can enhance oil recovery by modifying hydrophobic rock matrix to
hydrophilic nature and by lowering interfacial tension (IFT), which can cause trapped crude oil in small
pore spaces displaced and to be replaced by water [20–22]. This mechanism of the recovery process at
pore scale is related with sweep efficiency, which is controlled by viscous and capillary forces and they
can be determined from the relationship of IFT and contact angle (wettability measurements) [23–25].
Ali et al. 2019 [23,26] have determined how reduced IFT and hydrophilic wettability positively
affects capillary forces. Kamal et al. 2017 [5] have shown how oil saturation has decreased from 90% to
0% by increasing the capillary number from 10−7 and 10−6 to 10−3 and 10−2. To achieve these varieties,
water and oil IFT must be decreased to 20–30 mN/m, this can be possible by using the surfactant
injection technique. Cayias et al. 1977 [27] have found that complex an-ionic surfactant mixtures can
reduce IFT for water systems in combination with pristine hydrocarbons (HC). Al-Sabagh 2000 [28]
synthesized eight low molecular weight non-ionic co-polyester (PE) surfactants for application in
Enhanced Oil Recovery. By investigating their surface activity, it was found that the reduction in
surface tension was decreased with an increasing number of ethylene oxide. Shuler et al. 2011 [29]
investigated the performance of surfactants (nonionic and anionic) in cores with permeability from
2 to 10 mD. He found that adding surfactants to fracturing liquids has increased oil recovery by
wettability alteration. Cheng and Kwan, 2012 [30], performed a surfactant pilot on fractured carbonate
from the Yates field in West Texas and found that surfactant injection has reduced interfacial tension
and increased oil recovery after primary depletion and water and gas injections. More recently,
Jha et al. 2019 [21] have determined that how low salinity an-ionic surfactant (SDBS, 1.435 mM)
augmented with (ZrO2 nano-particles) was effective to reduce interfacial tension and hydrophobic
wettability at reservoir conditions. He also showed how this surfactant can be used to improve oil
recovery. Asl et al. (2020) [31] summarized previous work showing the effects of different surfactants
on contact angle, oil recovery and interfacial tension (Table 1).
Several studies have used different surfactants, nano-particles and polymers to reduce the IFT
and alerting wettability to more water-wet conditions for enhancing oil recovery and CO2-storage
applications [32–37]. However, those surfactants, polymers and nano-particles can cause toxic effects
in shallow water zones, while their injection into oil wells increases the production at onshore
locations [38–41]. It can also be toxic to the marine environment when injected into oil wells for
increasing production at offshore locations [42–46]. Sometimes, this activity may involve oil spills
or injection fluid spills into marine environment that can cause a toxic effect on marine species.
Therefore, it is of the utmost importance to introduce green surfactants which can perform well in
increasing the recovery factor, as well as in the event of spills; it remains non-harmful to marine species
at offshore locations. It can also be non-harmful while used in onshore locations, if it is introduced in
shallow water zones.
The main goal of this study is to synthesize a new and novel green non-ionic surfactant
(dodecanoyl-glucosamine surfactant), which is non-toxic to shallow water zones and marine
environment, and performs well for reducing the IFT and altering wettability for increased oil
production. The synthesized surfactant was characterized using nuclear magnetic resonance (NMR)
and Fourier transform infrared spectroscopy (FT-IR). The effects of dodecanoyl-glucosamine surfactant
at different concentrations were examined to investigate its effects on wettability alteration and
interfacial tension (IFT) reduction for improving oil recovery in carbonate reservoirs.
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Table 1. Summary of previous work showing the effects of different surfactants on the interfacial
tension (IFT), oil recovery and contact angle.
Surfactant
IFT, mN/m Contact Angle, Degree
Recovery








(C12mim)(Cl) 27.55 6.33 - - - Manshad et al.(2017) [47]
(C18mim)(Cl) 27.55 1.20 149 124 48 -
(C8Py)(Cl) 27.55 19.05 - - - -
(C18Py)(Cl) 27.55 1.81 142 120 43 -
CTAB - 0.050 140 56 - Hou et al.(2015) [48]
TX-100 - 0.322 140 98 - -








34.5 15.4 144 75 52.6 -
(C12mim)(Br) 43.97 9.10 - - Nabipour et al.(2017) [49]
(C14mim)(Br) 43.97 7.20 - - -
(C16mim)(Br) 43.97 4.70 - - 75.6 -
CTAB 43.97 7.70 - - 71 -
Henna






37 14.57 - - - -
Mulberry





Chemical reagent (Glucosamine) was used to make surfactant formulation (from Sigma
Aldrich, 99% purity) by mixing with de-ionized water (Ultrapure, from David Gray,
electrical conductivity = 0.02 mS/cm) using a magnetic stirrer. Synthetic seawater (SSW) of 1.42 cP
viscosity and 1.068 g/cm3 density was used in experiments by dissolving Sodium Chloride (NaCl from
rowe scientific, purity > 99.9 mol%) with deionized water to make 100,000 ppm of NaCl brine. Methanol,
acetone, ethanol (from Chem supply, purity > 99.9 mol%), and toluene (from Chem-Supply; >99 mol%)
were used to clean rock surface from prevailing impurities. Ahwaz oilfield crude oil was used in this
study with API gravity of 32.6, density 0.878 g/cm3, and viscosity 13.23 cP. Nonetheless, for contact
angle and interfacial tension measurements, kerosene (from Rowe Scientific; purity ≥ 99.9 mol%)
with the viscosity of (1.32 cP) and density of (0.79 dm/cm3) was used. The carbonate rock samples
(dimensions 3.8 mm diameter and 68 mm length) in this study were acquired from Baba Koohi outcrop
in Iran. The porosity of these samples ranged between 13.7% and 14.5% and liquid permeability of
these samples ranged between 4.8 and 5.3 mD with Pore Volume (PV) ranging from 7.9 and 8.1 cc.
2.2. Synthesis of Dodecanoyl-Glucosamine Surfactant
To prepare dodecanoyl-glucosamine surfactant, 1.0 g of glucosamine was dissolved in 10 mL
of de-ionized water in a small beaker. A total of 90.0 mL of methanol was poured in a 250 mL
round bottom flask with a magnetic stirring bar. The glucosamine solution was added slowly
to methanol while it was stirred by a magnetic stirrer. A clear solution was obtained following
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3.0 mL of lauryl chloride being added to the methanol solution. The solution was stirred for 24 h
at room temperature. The dodecanoyl-glucosamine surfactant was obtained as a white precipitate.
The precipitate was collected and then recrystallized in ethanol. The melting point (decomposition
point) of the dodecanoyl-glucosamine surfactant is 158 ◦C. The synthesis is demonstrated in Scheme 1
and the materials used in the synthesis are described in Table 2.
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Table 2. Specifications of used chemicals.
Organic Acid Molar Mass(g/mol) Formula
Density
(g/cm3) Chemical Structure
Glucosamine 179.17 C6H13NO5 1.563
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2.3. Mechanistic Quantification of Critical Micelle Concentration (CMC)
There are many ways in which MC could be determined. In this study, four methods for
measuring the CMC were used, including pH (by Mettler Toledo pH-meter), electrical conductivity
(by JEN-WAY-4510 conductivity meter), turbidity (by AL250T-IR turbidity meter) and density
(by DA-640 KEN density meter at ambient conditions). To do this, various solutions of surfactant
samples in deionized-water were prepared in the range 100–10,000 ppm. At first, 10,000 ppm solution
of surfactant was made, then diluted surfactant solutions were prepared by gradual dilution of 10,000
ppm solution with deionized water.
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2.4. Core Cleaning and Core Ageing Procedure
It is important to clean the core samples to a water-wet state that precedes the accumulation of
oil. In this study, the Soxhlet extraction method was used to clean the core samples with toluene and
methanol as solvents. The soxhlet extraction system is used to dissolve hydrocarbon and formation
brine from plug samples with the help of toluene and methanol, respectively.
It is believed that carbonate rock generally has oil-wetting behavior which attributes to the oil
aging effect. After the cleaning process, to simulate the real formation, the thin sections of core samples
were placed in a beaker together with crude oil from the Ahwaz oil field in the oven at 80 ◦C under
vacuum conditions for 48 h [10,11], to achieve initial oil saturation. After saturating the core samples
with crude oil, the thin section was saturated with formation surfactant (dodecanoyl-glucosamine
surfactant) for 24 h to reduce the wettability to more water-wet conditions. Figure 1 shows crude oil
and thin sections of rock samples.
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droplet in IFT measurement by VIT-600 pendant drop apparatus.
2.6. Contact Angle Measurement System
Contact angle measurement is the most effective method which is widely used to quantify the
wetting characteristics of reservoir rock in the presence of two fluids [21,24,25,52–54]. This method can
be performed in real r servoir conditions or ambient conditions. In this study, the VIT 6000 is used to
investigate the wettability alteration of thin ections of ca bonate f rmation. For this, in sections
are suspended horizontally in kerosene and the surfactant drop is dispensed from the top needle.
This process is also video-recorded and images are taken when the drop touches to the thin section
surface. Further, drop shape is analyzed and tangent angles are measured to quantify the wetting state
of the rock (as shown in Figure 3).Energies 2020, 13, x FOR PEER REVIEW 7 of 18 
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2.7. Core Flooding Measurements
In this study, the core flooding test was performed to find the recovery factor after brine flooding
and surfactant flooding. For measuring initial water saturation (Swi), original oil in place (OOIP),
and residual oil saturation (Sor), core samples were initially saturated with distilled water. For this,
core samples were loaded in the core holder followed by vacuuming the core samples for 24 h until
there were no air bubbles remaining in the rock pore matrix. After that, they were flooded with 5 pore
volume (PV) of distilled water at a constant pressure of 2000 psi (pressure was controlled by ISCO
pumps from inlet end and with back pressure regulator from outlet end) until there was stable pressure
drop at inlet and outlet ends. Overburden pressure was set at 2500 psi, 500 psi more than injection
pressure to keep samples in place. After achieving stable pressure at inlet and outlet ends by injecting
5 PV of distilled water, injection flow was stopped and pressure was maintained at 2000 psi for 24 h to
allow 100% saturation throughout the rock matrix. After the saturation process, absolute permeability
was measured by injecting distilled water at three different flow rates of 0.1, 0.3, and 0.5 mL/min [1,2].
Further, crude oil from Ahwaz oilfield was injected to measure initial water saturation (Swi). For this,
crude oil was injected at 2000 psi with a constant flow rate of 0.2 mL/min until there was no more water
produced. The reason behind the low flow rate is the complex lithology of carbonate formation used
in this study. As it has already been mentioned earlier that the permeability of these rock samples
ranged between 4.8 and 5.3 mD, a higher flow rate will not guarantee proper passing of crude oil
from the rock matrix due to its low permeability; instead, it will bypass the complex rock matrix
towards the outlet end. The pressure range for the reservoir formation investigated in this study
was between 1800 and 2200 psi. To mimic the real reservoir conditions, we have maintained 2000 psi
of inlet pressure. Further back pressure regulator (operated by nitrogen gas) was used to maintain
the reservoir pressure of 2000 psi at the outlet end. During crude oil injection, the production of
distilled water was monitored to find a breakthrough point for two-phase production (water and
crude oil), as well as one phase production (crude oil only) to quantify the Swi and OOIP. For brine
injection, 50,000 ppm concentration of NaCl brine with deionized water was prepared and introduced
in rock matrix after crude oil injection. Brine was also injected at 2000 psi with a constant flow rate
of 0.2 mL/min until there was no more production of crude oil. Similarly, crude oil production was
monitored to find a breakthrough point for two-phase production (crude oil and brine), as well as
one phase production (brine only) to quantify residual oil saturation (Sor) and recovery factor (RF).
In addition to this, synthesized dodecanoyl-glucosamine surfactant (concentration of 843 ppm based
on CMC values) was injected at 2000 psi with a constant flow rate of 0.2 mL/min. Similarly, brine and
trapped crude oil production were monitored to find a breakthrough point for three-phase production
(crude oil, brine, and surfactant), as well as one phase production (surfactant only) to quantify the
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3. Results and Discussion
3.1. Characterization of Dodecanoyl-Glucosamine Surfactant
Produced material was purified via ethanol crystallization, thereafter, crystallized powder was
extracted at maximum for the melting point by drying it for 24 h at 80 ◦C. For further quantification,
the synthesized powder was characterized by H-NMR and FT-IR [55–57]. In the 1H-NMR spectrum
(as shown in Figure 5), the appeared peak depicted as 2H represents methylene group of the hydrocarbon
tail. The appeared peaks at 3.7 ppm was due to the CH chiral centers near hydroxyl groups and
CH2-OH. The presence of a methyl group with amide group showed a triplet peak at 2.6 ppm. Merger of
some methylene protons were also noted. The magnetic resonance showed the values at around
2.6 ppm for these protons, represented as 1H. The methyl group of the hydrocarbon tail has also
appeared at 1 ppm. Additionally, the triplet spectrum at 1 ppm depicts the methyl group with an
integral of 3H. This triplet pattern has two neighboring hydrogen on nearby carbons.
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For the FT-IR spectrum (as shown in Figure 6), the absorption at 3347 cm−1 is allocated to the N–H
stretching. The captivation band at 2941 cm−1 shows aliphatic hydrogen-bonding characteristics. The
peak which appeared at 1617 cm−1 is a carbonyl peak in the amide group. The peaks which appeared
at 1584 and 1538 cm−1 are depicted as N–H symmetric and asymmetric in-plane bending of amide
groups. The peak which is shown at 1094 cm−1 is the stretching band of C–O and the peak depicted at
732 cm−1 is due to the N–H out-of-plane bending.
3.2. Critical Micelle Concentration Measurements
The CMC identification process is dependent on surface tension measurements at each
concentration for different concentrations of purified surfactant. This measurement will continue until
surface tension does not decrease further; this point is attributed to the point where micelles start
to form. This is called CMC regression analysis. In this study, Critical Micelle Concentration
of dodecanoyl-glucosamine surfactant was measured by PH meter, Electrical Conductivity,
Density Measurement, and Evaluation of Turbidity. Figure 7 depicts the results for the density,
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electrical conductivity, pH, and turbidity of the dodecanoyl-glucosamine surfactant at different
concentrations from 100 to 10,000 ppm. It is shown from the figure that CMC from measured values
of density, electrical conductivity, pH, and turbidity was 919, 850, 800, and 800 ppm, respectively.
Based on measured values, the concentration of 843 ppm has been selected as the optimum CMC for
the dodecanoyl-glucosamine surfactant.
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3.3. Interfacial Tension Measurements
In order to measure the IFT between two fluids, different concentrations of the
dodecanoyl-glucosamine surfactant were prepared. The chosen concentrations for this measurement
were 100, 200, 400, 500, 800, 1500, 6000, and 8000 ppm. It is shown from Figure 8 that with the
increase in surfactant concentration, the values of IFT are decreasing in the presence of kerosene, as also
depicted by a previous study [58], where the different concentrations of sodium ethyl ester sulfonate
surfactant were synthesized for measurement of IFT reduction in the presence of kerosene. It is
shown from the measured values of IFT between the dodecanoyl-glucosamine surfactant and kerosene
that IFT values are higher in the higher concentrations, and it rapidly decreases as the concentration
of surfactant decreases up to optimum surfactant concentration and, thereafter, the decrease in IFT
values is very minimal, as shown in Figure 8. For example, the IFT value for 100 ppm surfactant
concentration is 30.367 mN/m, as compared to the 1500 ppm surfactant concentration where IFT value
rapidly decreased to 18.042 mN/m. It is also shown from Figure 8 that 1500 ppm is the optimum
rapid reduction surfactant concentration value and, after that, the decrease in IFT is very minimal.
For instance, at 8000 ppm surfactant concentration, the value of IFT is 14.147 mN/m compared to the
18.0142 mN/m IFT value for 1500 ppm of surfactant concentration. Further, the shapes of droplets in
IFT measurements are shown in Figure 9.
3.4. Contact Angle Measurements
Wettability is a very crucial factor in determining the recovery factor for any reservoir. There are
different methods used for measuring the wetting state of rock, but the most-used method is the contact
angle method. This method is used to measure the contact angle between wetting and non-wetting
phase [59–61]. In this study, contact angle values between dodecanoyl-glucosamine surfactant and
kerosene were conducted as shown in (Figure 10). The results show that a higher concentration
of surfactant produced higher contact angles and, as the concentration of surfactant was reduced,
contact angle was also reduced gradually. This is due to the effect of a lower concentration of surfactant
solution, which is optimal for lowering the wettability [16,21,22]. For instance, at 10,000 ppm of
surfactant concentration, contact angle was measured at 65.54◦, whereas at 100 ppm of surfactant
concentration, contact angle was at the highest value of 148.93◦.Energies 2020, 13, x FOR PEER REVIEW 11 of 18 
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Figure 10. Contact Angle V/S dodecanoyl-glucosamine surfactant concentrations.
3.5. Core Flooding
In this study, core flooding test was conducted at three different scenarios, which included
saturating the core sample with d stilled water fol d by crude oil flooding, Brine flooding and
surfactant flooding. Initially, rock sample was saturated with distilled water (described in Section 2.7),
followed by crude oil injection from Ahwaz oilfield to measure the Swi and OOIP. The total pore
volume of the core sample was 8.05 cc. After crude oil injection (described in Section 2.7) Swi value was
2.95 cc (35.11%) a d the OOIP value was 5.1 cc (63.35%). There fter, brine was injected (described in
Section 2.7) to measure recovery factor of crude oil, that was 2.05 cc (40.19%) and, based on calculation,
Sor value was 3.05 (59.8%). This is the volume of oil that remains un-producible after brine injection due
to capillary trapping. Further, surfactant injection (as described in Section 2.7) was performed to acquire
further oil very after brin inj cti n. This method was uccessful in producing further crude oil of
0.96 cc (18.81%), adding to crude oil recovery after brine injection. The recovery factor and pressure
drop based on pore volumes during brine and surfactant injection is shown in Figure 11a,b, respectively.
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Figure 11. Core flo ding result at mbient t perature and condition. (A) Oil recovery percentage
versus injected pore volumes for both surfactant and water flooding. (B) Pressure drop curves for both
surfactant and water flooding at different injected pore volumes.
Regarding the results of the conducted flooding experiments conducted in this section, an increase
in the final oil recovery factor showed that this surfactant could enhance the oil recovery by the proof
of displacement test of core flooding experiment. To obtain further validation on the effectiveness of
this material in chemical enhanced oil recovery there is a need to authorize that the reason of this oil
recovery increase was the wettability optimization using this surfactant. The Johnson, Bossler and
Neumann (JBN) method was applied on the overall pressure drops during the experiment and the
effluent phase ratio versus time during two phase displacements to obtain the relative permeability
curves. Permeability curves for both flooding experiments (water flooding and surfactant flooding)
are shown in the Figure 12 in an integrated manner to enable simultaneous comparison.
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JBN-governed relative permeability cur ) f r ater fl oding are located in the left side
of Figure 12 and the RPC of surfactant flo ding is l t i the right section of Figure 12. The large
difference in the positioning of the figures of water flooding and surfactant flooding presents that a great
difference in the wettability state of the system is conducted in the surfactant flooding. Intersection
points of each RPC shows the wettability condition of the system [62]. The intersection point of the
water flooding RPC is located in the water saturation position of 57.5 percent and the surfactant
flooding showed an intersection point that is located in the higher water saturation compared to water
RPC and the approximate location is 72 percent of water saturation. The shifting of the intersection
point to higher water saturations shows the wettability shifting to a more water wet tendency and
the resulted enhancement in oil recovery is initiated partially from this phenomenon. The residual
oil saturation is decreased in surfactant flooding and the irreducible water saturation is increased
compared to the w ter fl oding experiment d its RPC and a decr ase in the immobile and trapped
oil resulted in surfactant flooding, which proves that the increased oil recovery is validated.
4. Conclusions
This article is based on the xperimental i i of the dodecanoyl-glucosamine surf c ant
and its associated eff cts on oil recovery, IFT reductio , ttability alteration. Pendant drop
method was used to measure the IFT, contact angle ethod as used to measure the wettability [63],
and core flooding experiments were conducted to measure the oil recovery factor. Wettability alteration
to more water-wet conditions and IFT reduction are the fundamental factors to enhance the oil recovery.
In this study, the dodecanoyl-glucosamine surfactant was very effective to reduce the contact angle
from 148.93◦ to 65.54◦, whereas IFT was reduced from 30 to 14 dynes/cm, which is 53.33% reduction at
optimum conditions. The CMC of the dodecanoyl-glucosamine surfactant was measured at 843 ppm by
measuring pH, density, conductivity, and turbidity, which then was used as the optimum concentration
for core flooding experiments. The dodecanoyl-glucosamine surfactant improved the oil recovery from
40.19% to 59%, an extra 18.81% of oil production. In a nutshell, to correctly gauge the feasibility of this
green novel surfactant, it is pertinent to quantify comprehensive study at field scale for the benefit
of the environment and oil industry. We thus conclude that injecting the dodecanoyl-glucosamine
Energies 2020, 13, 3988 14 of 17
surfactant as a tertiary recovery method is helpful to increase the oil production, and thus may meet
the world’s energy demands.
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